We performed a comparative spectroscopic analysis on three novel Tm 3+ :tellurite-based glasses with the following compositions Tm 2 O 3 :TeO 2 -ZnO (TeZnTm), Tm 2 O 3 :TeO 2 -Nb 2 O 5 (TeNbTm), and Tm 3+ :TeO 2 -K 2 O-Nb 2 O 5 (TeNbKTm), primarily for 2-µm laser applications. Tellurite glasses were prepared at different doping concentrations in order to investigate the effect of Tm 3+ ion concentration as well as host composition on the stimulated emission cross sections and the luminescence quantum efficiencies. By performing Judd-Ofelt analysis, we determined the average radiative lifetimes of the 3 H 4 level to be 2.55 ± 0.07 ms, 2.76 ± 0.03 ms and 2.57 ± 0.20 ms for the TeZnTm, TeNbTm and TeNbKTm samples, respectively. We clearly observed the effect of the cross-relaxation, which becomes significant at higher Tm 2 O 3 concentrations, leading to the quenching of 1460-nm emission and enhancement of 1860-nm emission. Furthermore, with increasing Tm 2 O 3 concentrations, we observed a decrease in the fluorescence lifetimes as a result of the onset of non-radiative decay. For the 3 H 4 level, the highest obtained quantum efficiency was 32% for the samples with the lowest Tm 2 O 3 ion concentration. For the 1860-nm emission band, the average emission cross section was determined to measure around 6.33 ± 0.34 × 10 −21 cm 2 , revealing the potential of thulium-doped tellurite gain media for 2-µm laser applications in bulk and fiber configurations.
Introduction
Thulium-doped systems are drawing a great deal of interest for numerous laser applications in the near and mid-infrared regions of the spectrum, since they provide broad emission bands covering the empty region (1400-2700 nm) between neodymium and erbium systems. In this respect, transitions originating from the 3 F 4 ( 3 F 4 → 3 H 4 and 3 F 4 → 3 H 5 transitions corresponding to 1.5-µm and 2.5-µm emissions) and 3 H 4 ( 3 H 4 → 3 H 6 transition corresponding to 1.9-µm emissions) energy states are worth studying. For this purpose, we choose to employ a 800-nm excitation scheme, which leads two broad emission bands centered near 1.9 µm and 1.5 µm. Employing this pumping scheme is further beneficial because there are many commercial pump sources available at these wavelengths and this pumping scheme provides an additional advantage, namely a "two-for-one" process which favors 1.9-µm emission at higher active ion concentrations.
The broad emission band around 1.9 µm can be utilized to build new mid-infrared laser sources suitable for spectroscopic, chemical, and atmospheric sensing applications [1] . In addition, strong water absorption occurs at these wavelengths, making thulium-doped gain media very attractive in the development of lasers for biomedical applications such as tissue welding and ablation [2, 3] . Therefore, investigation of novel laser materials, especially thulium-doped hosts which fluoresce around 2 µm, deserves a great deal of attention, considering the ever-increasing demand and need for new laser sources operating in the near-and mid-IR regions of the spectrum.
So far, detailed studies have been conducted on germinate, silicate, and fluoride glass hosts together with various crystal gain media doped with rare earths for 2-µm laser applications [4] [5] [6] . Among other laser gain media, tellurite glasses (with network former TeO 2 ) offer several benefits, such as high chemical stability, easy and low-cost production due to their amorphous nature, and a wide transparency range from 0.355 to 5 µm [3, 7, 8] . Tellurite glasses are known to be moisture-resistant, thermally and mechanically stable materials, making them attractive for fiber laser applications as well [9, 10] . Furthermore, tellurite glass hosts have relatively low phonon energies (700-750 cm −1 ). Hence, non-radiative decay is relatively low which leads to relatively high luminescence quantum efficiencies.
To date, most of the effort has been spent on Nd 3+ -and Er 3+ -doped tellurite glass systems [11] [12] [13] [14] [15] [16] and there are relatively fewer studies conducted on the Tm 3+ -doped tellurite glasses [17] [18] [19] [20] [21] [22] [23] [24] [25] . Recently, lasing and mode-locked operation from bulk thulium-doped tellurite glasses were reported [20, [26] [27] [28] . Since Tm 3+ -doped tellurite glasses offer a great potential for the development of 2-µm laser sources in bulk as well as fiber configurations, there is interest in further exploring the spectroscopic properties of the tellurite glass hosts doped with thulium.
In this study, we performed a comparative spectroscopic analysis of three different tellurite glasses with various Tm 3+ concentrations in order to investigate the dependence of the emission cross section and quantum efficiency, which are among the most critical parameters for laser applications. In particular, we studied tellurite glasses with the compositions Tm 2 O 3 :TeO 2 -ZnO, Tm 2 O 3 :TeO 2 -Nb 2 O 5 , and Tm 3+ :TeO 2 -K 2 O-Nb 2 O 5 . We investigated the influence of doping concentration as well as the host composition, both of which affect the cross relaxation rate and the luminescence quantum efficiency. The analysis was conducted for the two emission bands with peaks at 1460 nm ( 3 F 4 level) and 1860 nm ( 3 H 4 level), and Judd-Ofelt theory was used in the analysis of the experimental data.
Experimental Procedure and Analysis

Experiment
Tellurite-based glass samples doped with Tm 2 O 3 were prepared by using the melt quenching technique which was described in our previous study [29] . Three kinds of tellurite-based glass samples were prepared with the glass network modifiers niobium oxide, zinc oxide, and a mixture of potassium and niobium oxide. The Tm 2 O 3 concentration was varied between 0.125% and 1%. Two tellurite-based glass samples were prepared by using niobium oxide as a glass modifier: The absorption spectra of the glass samples were recorded by using a commercial spectrophotometer. In order to measure the emission spectrum, a home-made, 60-ns pulsed, tunable Ti:sapphire laser was employed as the excitation source. The emission spectra and lifetime measurements were conducted as described in detail in [29] . All measurements were carried out at room temperature.
Judd-Ofelt Analysis
In order to study the effect of the Tm 3+ ion concentration on the radiative lifetimes for the 3 F 4 and 3 H 6 levels, Judd-Ofelt (J-O) theory was employed. According to the theory, the effect of the electric-dipole transition from the ground state SLJ to an exited state S'L'J on the integrated absorption coefficient Σ µ calc of the rare earth ions can be calculated by using the following equation [30, 31] ,
(n 2 + 2)
Here, N o is the ion concentration in the gain medium, e is the electron charge, c is the speed of light, h is Planck's constant, n is the refractive index, λ is the average wavelength of the absorption band, J is the total angular momentum quantum number, the Ω t 's are the J-O intensity parameters, SLJ and S'L'J' are the ground state and excited state of the dipole transition, respectively, and U (t) is the doubly reduced matrix element of the unit tensor operator. The Ω t 's can be estimated by using the measured integrated absorption coefficient Σ µ exp and the matrix elements in [32] . Σ µ exp can be obtained by calculating the integral under the absorption spectrum for each transition Then, Ω t 's can be determined by fitting the experimental integrated absorption coefficient to theoretically calculated value. Then, the spontaneous emission probability (A(J,J')) of the dipole transition from SLJ to S'L'J' can be calculated by using the equation,
In Equation (2), v is the average wave number of the corresponding dipole transition. By using the calculated A(J,J') from the Jth excited state to all possible J' states, the radiative lifetime τ R for the Jth excited state can be calculated from Table 1 summarizes the Ω t 's intensity parameters determined for three different glass hosts with 1 mol % ion concentration by employing J-O theory described above. In the radiative lifetime calculations for the decay from 3 F 4 and 3 H 4 levels to the ground state, we only used J-O intensity parameters derived from the absorption spectrum of the 1 mol % doped samples, where the signal to noise ratio is the highest. We also used the fact that the radiative lifetime is independent of active ion concentration. The average radiative lifetimes for the niobium containing glasses were determined as 2.76 ms and 0.37 ms for the sample TeNbTm, and 2.57 ms and 0.35 ms for the sample TeNbKTm. For the glasses containing zinc as a modifier (TeZnTm), we obtained average radiative lifetimes of 2.55 ms and 0.37 ms for the 3 H 4 and 3 F 4 levels, respectively. Figure 2a shows the fluorescence decay signal of the 3 H4 level and 3 F4 level, corresponding to the 1860-nm and 1460-nm transitions of the two TeO2-K2O-Nb2O5 samples with Tm2O3 concentrations of 1.0 and 0.125 mol %. The fluorescence signal has a sharp peak following an exponential decay. As can be seen from Figure 2b , the curves corresponding to the 1860-nm transition have a smooth peak in comparison with the other transition. That is mainly due to increase in the population in 3 H4 level resulting from the decay from the 3 F4 to 3 H4 level as illustrated in the energy level diagram in Figure  1a . Similar behavior was observed for the other glass samples with different glass modifiers. In the case of 0.125 mol % doping concentration for the 1860-nm transition (Figure 2b ), the fluorescence signal exhibits an initial rise followed by an exponential decay. This can be attributed to the slow decay rate from the 3 F4 to 3 H4 level, filling the population in the 3 H4 level. In the case of the sample with 1.0 mol % doping concentration, this effect is negligible due to the faster decay rate from 3 F4 to 3 H4. The fluorescence lifetimes (τF) were obtained by fitting a single exponential decay curve to the tail of the measured signal, where the cross-relaxation effect is negligible. From the calculated radiative lifetimes and experimentally measured fluorescence lifetimes, the luminescence quantum efficiency (η) can then be determined by using (Figure 2b ), the fluorescence signal exhibits an initial rise followed by an exponential decay. This can be attributed to the slow decay rate from the 3 F 4 to 3 H 4 level, filling the population in the 3 H 4 level. In the case of the sample with 1.0 mol % doping concentration, this effect is negligible due to the faster decay rate from 3 F 4 to 3 H 4 . The fluorescence lifetimes (τ F ) were obtained by fitting a single exponential decay curve to the tail of the measured signal, where the cross-relaxation effect is negligible. From the calculated radiative lifetimes and experimentally measured fluorescence lifetimes, the luminescence quantum efficiency (η) can then be determined by using η = τ F /τ R . Figure 2a shows the fluorescence decay signal of the 3 H4 level and 3 F4 level, corresponding to the 1860-nm and 1460-nm transitions of the two TeO2-K2O-Nb2O5 samples with Tm2O3 concentrations of 1.0 and 0.125 mol %. The fluorescence signal has a sharp peak following an exponential decay. As can be seen from Figure 2b , the curves corresponding to the 1860-nm transition have a smooth peak in comparison with the other transition. That is mainly due to increase in the population in 3 H4 level resulting from the decay from the 3 F4 to 3 H4 level as illustrated in the energy level diagram in Figure  1a . Similar behavior was observed for the other glass samples with different glass modifiers. In the case of 0.125 mol % doping concentration for the 1860-nm transition (Figure 2b ), the fluorescence signal exhibits an initial rise followed by an exponential decay. This can be attributed to the slow decay rate from the 3 F4 to 3 H4 level, filling the population in the 3 H4 level. In the case of the sample with 1.0 mol % doping concentration, this effect is negligible due to the faster decay rate from 3 F4 to 3 H4. The fluorescence lifetimes (τF) were obtained by fitting a single exponential decay curve to the tail of the measured signal, where the cross-relaxation effect is negligible. From the calculated radiative lifetimes and experimentally measured fluorescence lifetimes, the luminescence quantum efficiency (η) can then be determined by using 893 µs) for the 1860-nm emission band among the glass samples investigated in this paper. The highest quantum efficiency for the sample TeZnTm was obtained as 32% for the 1860-nm emission band and 89% for the 1460-nm emission band when the ion concentration was 0.125 mol %. We obtained the highest quantum yields of 32% and 76% for the 1860 and 1460 nm emission bands, respectively, in the sample TeNbTm, when the ion concentration was 0.25 mol %. Figure 3a shows the emission spectra of the two transitions of Tm 3+ ion originating from 3 F 4 and 3 H 4 levels to the ground level for the TeZnTm glass host with Tm 2 O 3 concentrations of 1.0 and 0.25 mol %. The emission spectra clearly show the two emission bands centered around 1860 nm and 1460 nm and further verify the role of cross relaxation, which is quite common for the Tm 3+ -doped systems [33, 34] . Cross relaxation is a non-radiative energy transfer process, which becomes significant at high ion concentrations, leading to the quenching of the 1460-nm emission and enhancement of the 1860-nm emission band (Figure 3a) . On the other hand, the quantum efficiency drops from 32 to 6% for TeO 2 -ZnO glass host. As the Tm 3+ concentration increased, similar enhancement behavior was observed for the other tellurite glass hosts. It is important to find an optimum concentration level here where quantum yield and pump absorption are not dramatically low and still cross-relaxation is significant. Regarding this fact, 0.25 or 0.5 mol % Tm 2 O 3 -doped samples are potential candidates as hosts in laser applications for bulk as well as fiber applications. Figure 3b shows the emission spectra of the glass hosts with different glass modifiers at 1.0 mol % dopant concentration. As can be seen, the 1460-nm emission band remains similar for different glass modifiers. On the other hand, glass modifier changes produce a notable change in the 1860-nm emission band. In particular, the TeNbKTm glass has the highest emission peak at 1860 nm, whereas the lowest peak of 1795 nm was observed in the TeNbTm host. In order to obtain the emission cross section, we used both the Fuchtbauer-Ladenburg equation [35, 36] ,
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and the McCumber formula [37] ,
where σ a (λ) is the absorption cross section,
 represents the ratio of the parity functions of lower and upper states (13/9 for the Tm 3+ ion), h is the Planck constant, k is the Boltzmann constant, T is the absolute temperature, and λ ZP is the wavelength of the zero phonon line. From the overlap of the absorption and emission bands, λ ZP was estimated to be 1780 nm. McCumber formalism provides an accurate estimate of the emission cross section as well as its spectral distribution for narrow band emission [38] . On the other hand, the Fuchtbauer-Ladenburg formalism is proven to be accurate for low ion-doping concentrations, where the reabsorption of the emitted photons is negligible and the analysis is applicable to relatively broadband emissions in comparison with the case in McCumber approach, since there is no assumption of the band shape. In Table 3 , the emission cross sections obtained by using both formalisms are shown for the two emission bands of the tellurite glasses at different Tm2O3 concentrations. By using the Fuchtbauer-Ladenburg equation for the TeNbTm sample, we obtained average stimulated emission cross section values of 2.62 ± 0.02 × 10 −21 and 5.63 ± 0.02 × 10 −21 cm 2 for the 1460-nm and 1860-nm bands, respectively. As can be further seen from the table for the sample containing zinc as a glass modifier (TeZnTm), the average emission cross sections were determined to be 2.78 ± 0.39 × 10 −21 and 6.33 ± 0.34 × 10 −21 cm 2 for the 1460-and 1860-nm bands, respectively. These results compare well with values reported for other tellurite hosts [9, 39] and it can also be concluded that for the TeZnTm sample, we obtained higher stimulated emission cross sections (as high as 6.33 ± 0.34 × 10 −21 cm 2 ), especially for the 1860-nm emission band.
As can be seen from Table 3 , the TeNbKTm glass host has the highest average absorption cross section (8.18 × 10 −21 cm 2 ) among the three hosts, at 794 nm. The TeZnTm glass host also has a reasonably high absorption cross section (7.85 × 10 −21 cm 2 ). Furthermore, at low doping concentration levels, the quantum efficiencies for both transitions are quite high in comparison with the other hosts, suggesting that the TeZnTm glasses are the most promising laser gain media among the materials explored in this study. In order to obtain the emission cross section, we used both the Fuchtbauer-Ladenburg equation [35, 36] ,
represents the ratio of the parity functions of lower and upper states (13/9 for the Tm 3+ ion), h is the Planck constant, k is the Boltzmann constant, T is the absolute temperature, and λ ZP is the wavelength of the zero phonon line. From the overlap of the absorption and emission bands, λ ZP was estimated to be 1780 nm. McCumber formalism provides an accurate estimate of the emission cross section as well as its spectral distribution for narrow band emission [38] . On the other hand, the Fuchtbauer-Ladenburg formalism is proven to be accurate for low ion-doping concentrations, where the reabsorption of the emitted photons is negligible and the analysis is applicable to relatively broadband emissions in comparison with the case in McCumber approach, since there is no assumption of the band shape. In Table 3 , the emission cross sections obtained by using both formalisms are shown for the two emission bands of the tellurite glasses at different Tm 2 O 3 concentrations. By using the Fuchtbauer-Ladenburg equation for the TeNbTm sample, we obtained average stimulated emission cross section values of 2.62 ± 0.02 × 10 −21 and 5.63 ± 0.02 × 10 −21 cm 2 for the 1460-nm and 1860-nm bands, respectively. As can be further seen from the table for the sample containing zinc as a glass modifier (TeZnTm), the average emission cross sections were determined to be 2.78 ± 0.39 × 10 −21 and 6.33 ± 0.34 × 10 −21 cm 2 for the 1460-and 1860-nm bands, respectively. These results compare well with values reported for other tellurite hosts [9, 39] and it can also be concluded that for the TeZnTm sample, we obtained higher stimulated emission cross sections (as high as 6.33 ± 0.34 × 10 −21 cm 2 ), especially for the 1860-nm emission band. As can be seen from Table 3 , the TeNbKTm glass host has the highest average absorption cross section (8.18 × 10 −21 cm 2 ) among the three hosts, at 794 nm. The TeZnTm glass host also has a reasonably high absorption cross section (7.85 × 10 −21 cm 2 ). Furthermore, at low doping concentration levels, the quantum efficiencies for both transitions are quite high in comparison with the other hosts, suggesting that the TeZnTm glasses are the most promising laser gain media among the materials explored in this study. As can be seen from Table 3 , both formalisms agree reasonably well for all glasses investigated in this study. Figure 4 further shows the absorption and emission cross sections as a function of wavelength for the TeNbKTm samples with 1.0 mol % doping concentration, based on the McCumber analysis. As can be seen, the emission cross section has a broad, smooth peak, which makes the glass system a promising candidate for ultrafast laser applications. As can be seen from Table 3 , both formalisms agree reasonably well for all glasses investigated in this study. Figure 4 further shows the absorption and emission cross sections as a function of wavelength for the TeNbKTm samples with 1.0 mol % doping concentration, based on the McCumber analysis. As can be seen, the emission cross section has a broad, smooth peak, which makes the glass system a promising candidate for ultrafast laser applications. 
Conclusions
We have conducted a detailed spectroscopic analysis on three new types of tellurite glass materials (Tm2O3-TeO2-ZnO (TeZnTm), Tm2O3-TeO2-Nb2O5 (TeNbTm) and Tm2O3-TeO2-K2O-Nb2O5 (TeNbKTm)) in order to investigate the effect of the host composition as well as Tm 3+ ion concentration on the cross sections and the luminescence quantum efficiencies. From the data, it can be concluded that J-O intensity parameters vary slightly among tellurite glasses with different compositions, as expected. Yet, our calculations showed that for the sample containing zinc as a glass modifier (TeZnTm), we obtained shorter radiative lifetimes for the transition corresponding to the 1860-nm band. We obtained average radiative lifetimes of 2.55 ± 0.07 ms and 2.76 ± 0.03 ms for the TeZnTm and TeNbTm samples for the 3 H4 level. 
We have conducted a detailed spectroscopic analysis on three new types of tellurite glass materials ( From the lifetime measurements and the radiative lifetime calculations based on the J-O theory, we determined the luminescence quantum efficiencies of the samples. The highest quantum efficiency for the sample TeZnTm was 32% for the 1860-nm emission band and 89% for the 1460-nm emission band. For the sample TeNbTm, we obtained the highest quantum yields as 32% and 76% for the 1860-nm and 1460-nm emission bands, respectively. For higher doping concentrations, we observed a cross-relaxation effect, which enhanced the 1860-nm emission band. Samples with low concentration provide higher quantum efficiencies that are favorable for lasing applications but on the other hand, exhibit weak absorption. When the ion concentration is increased, quantum efficiencies decrease but the absorption near 800 nm together with the cross relaxation effect enhancing the 1860 nm band increase, which suggests that 0.25 or 0.5 mol % samples are potential candidates as hosts in laser applications for bulk as well as fiber applications.
For the TeNbTm sample, we obtained average emission cross sections of 2.62 ± 0.02 × 10 −21 and 5.63 ± 0.02 × 10 −21 cm 2 for the 1460-nm and 1860-nm bands, respectively. For the sample containing zinc as a glass modifier (TeZnTm), the average emission cross sections were determined to be 2.78 ± 0.39 × 10 −21 and 6.33 ± 0.39 × 10 −21 cm 2 for the 1460-nm and 1860-nm bands, respectively. These results compare well with values reported for other tellurite hosts [9, 39] and it can also be pointed out that for the TeZnTm sample, we obtained higher stimulated emission cross sections, especially for the 1860-nm emission band. Among the hosts we analyzed, TeZnTm glass stands as a good candidate for the development of 2-µm lasers with high emission cross sections near 1860 nm.
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